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Abstract
IMP dehydrogenase is a rate-limiting enzyme involved in the synthesis of GTP. In mammalian
cells it is regulated with respect to growth rate and is the target of numerous therapeutic agents.
Mutations in the RNA polymerase II elongation machinery render yeast sensitive to inhibitors of
IMP dehydrogenase and defective in inducing transcription of one of the IMP dehydrogenase-
encoding genes, IMD2. Here we show that loss of IMD2, but not IMD1, IMD3, or IMD4,
conferred upon yeast the same drug sensitivity found in elongation mutants. We tested whether the
drug sensitivity of elongation mutants is due to their inability to induce IMD2 by providing them
with exogenous copies of the gene. In some elongation mutants, overexpression reversed drug
sensitivity and a transcriptional defect. Overexpression in mutants with a more severe phenotype
partially suppressed drug sensitivity but was inconsequential in reversing a defect in transcription.
These findings suggest that the drug sensitivity of elongation mutants is largely but not solely
attributable to defects in the ability to induce IMD2, because transcription is compromised even
when IMD2 mRNA levels are adequate. We describe two DNA sequence elements in the
promoter of the gene that regulate it. We also found that IMD2 mRNA abundance is coupled to
cell growth rate. These findings show that yeast possess a conserved system that gauges nucleotide
pools and cell growth rate and responds through a uniquely regulated member of the IMD gene
family.

IMP dehydrogenase is a rate-limiting enzyme involved in de novo GTP biosynthesis. The
abundance of the enzymatic activity is correlated with the rate of growth of mammalian cells
(1–3). Antagonists of this family of enzymes, one of which is mycophenolic acid, serve as
medically important antitumor, antimicrobial, and immunosuppressive agents (4).
Characterization of two IMP dehydrogenase genes in mammalian cells has included an
analysis of their promoters and the solution of a crystal structure of rodent IMP
dehydrogenase in a complex with mycophenolic acid (5–7). Mammalian IMP
dehydrogenase (IMPDH)1 II is inducible in a post-transcriptional manner, in response to
depressed guanine nucleotide pools (3, 8). Saccharomyces cerevisiae has a family of four
closely related genes, IMD1, IMD2 (formerly known as PUR5), IMD3, and IMD4, that
encode potential IMP dehydrogenases. They share from 58 – 62% amino acid identity with
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mammalian IMPDH I and II. The four yeast proteins are themselves highly related with
pairwise alignments showing amino acid identities ranging from 80 to 96%. Our
understanding of the expression and regulation of this gene family is rudimentary. The
proportion of cellular enzyme activity derived from each gene is unknown, and it has not yet
been shown that these putative IMPDHs possess enzyme activity.

When cells are treated with drugs that inhibit IMP dehydrogenase, such as 6-azauracil
(6AU) or mycophenolic acid, cellular GTP is depleted, and transcription of IMD2 is induced
by an as yet unknown mechanism (9 –11). Conversely, providing yeast with extracellular
guanine down-regulates constitutive levels of IMD2 and prevents induction by IMP
dehydrogenase antagonists (10, 11).

In vitro, ribonucleotide concentration is a direct determinant of transcript elongation rate and
the propensity of RNA polymerase II to become arrested during RNA chain elongation (12).
Elongation factor SII (also known as TFIIS) is a conserved and well studied protein that
allows recovery of RNA polymerase II from arrest (reviewed in Ref. 13). Sensitivity to 6AU
and mycophenolic acid is a phenotype characteristic of yeast with mutations in the
transcription elongation machinery including a deletion of DST1 (the gene encoding yeast
SII, also known as PPR2) (9, 14). Mutations in other elongation factors and RNA
polymerase II subunits also confer this phenotype upon yeast (15–24). SII enables RNA
polymerase II to complete full-length transcript synthesis in vitro and is implicated in
mRNA biosynthesis in living yeast (10, 13, 17, 20, 25). One model suggests that this drug-
sensitive phenotype results from the difficulty RNA polymerase II has in elongating nascent
transcripts when it is starved for nucleotide substrates in vivo (9, 20). Under such conditions,
cell growth becomes dependent upon an optimally functioning elongation machinery.
Recently, it has been suggested that the SII-dependent expression of downstream genes may
play a role in the effect of the drug upon mRNA synthesis and cell physiology (10, 25). For
example, the drug-induced transcription of IMD2 observed in wild-type cells is defective in
a number of elongation mutants but not in 6AU-sensitive mutants not known to be involved
in elongation (10). Whether defects in transcription observed in elongation mutants are due
to direct effects of the mutations upon gene transcription or are secondary to the inability to
induce IMP dehydrogenase activity and obtain sufficient GTP levels to support transcription
is an open question. It is possible that both mechanisms operate to reduce transcription in the
presence of IMPDH inhibitors.

If the drug-sensitive phenotype of elongation mutants is due to their inability to induce
IMD2, we would predict that inactivation of IMD2 would lead to a drug-sensitive
phenotype. Also, overexpression of IMD2 in elongationally compromised RNA polymerase
II and SII mutants might rescue the drug-sensitive phenotypes. Here we test these
predictions. Deletion of IMD2 but not the other IMD genes phenocopies the drug sensitivity
of elongation mutants. Overexpression of IMD2 in elongation mutants suggests that their
drug sensitivity is largely, although not completely, due to their failure to induce IMD2 in
the presence of IMPDH inhibitors. We have identified an upstream element responsible for
6AU sensitivity and a region of the IMD2 promoter that is repressive for basal transcription.
This and the fact that down-regulation of IMD2 by guanine was not due to altered mRNA
turnover indicate that in yeast, unlike in mammalian cells, regulation is at the level of
transcription. On the other hand, IMD2 transcription was sensitive to the rate of growth, as
has been observed for mammalian cells. These results reveal details of the role of IMD2 in
drug sensitivity and as a sensor of guanine pools with the ability to alter rates of mRNA
synthesis and perhaps the cell cycle.
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MATERIALS AND METHODS
Yeast Strains and Plasmids

pIMD2-S288C was made by inserting a PCR product amplified from S288C genomic DNA
(Research Genetics, Huntsville, AL) into the NotI and XhoI sites of the pRS426 vector. The
fragment inserted into the vector was generated using the primers 5′-
GACTAGTCTCGAGTCGTAAACATAACACCCCATCA-3′ and 5′-
GACTAGTGCGGCCGCATCGGTTGAGCGCGATATTA-3′, followed by digestion with
XhoI and NotI. The NotI restriction site is located ≈500 bp upstream from the start codon of
IMD2, and the XhoI restriction site is located ≈150 bp downstream the stop codon of IMD2.
pIMD2-C335A was generated by site-directed mutagenesis (Gene Dynamics, LLC) of TGT
to GCT at codon 335 in pIMD2-S288C. The plasmid pUC119-GAL was made by inserting a
187-bp EcoRI-HindIII restriction fragment from a GAL1 PCR product into the EcoRI and
HindIII sites of pUC119.

Reporter plasmid constructs were made by PCR amplification, restriction digestion, and
insertion into an appropriate yeast shuttle vector. Inserts were confirmed by DNA
sequencing. The IMD2 promoter deletion plasmids, pPur5P800Luc, pIMD2-PL2, pIMD2-
PL3, and pIMD2-PL4 were created by amplifying from pIMD2-S288C using 5′-
CTGATCAGGATCCGGCCATTGCTTTTGCTACTT-3′ as the reverse primer and either
5′-GGGGTACCAAGCTTTGGAACAACAAACACAGTCCA-3′, 5′-
GGGGTACCAAGCTTATCGGTTGAGCGCGATATTA-3′, 5′-
GGGGTACCAAGCTTTATTGGTTTTCGTAACCGCC-3′, or 5′-
GGGGTACCAAGCTTTGGTAAAAATTTCGGCTGGA-3′ as the forward primer,
respectively. The products were cut with BamHI and HindIII and ligated into pGAL-Luc
(26) digested with the same enzymes. The plasmids pIMD2-PL5, pIMD2-PL6, pIMD2-PL7,
and pIMD2-PL8 were created by amplifying from pIMD2 using 5′-
CACTAGTGGATCCGGAATAGAATAGAATACGG-3′ as the reverse primer and either
5′-GGGGTACCAAGCTTTGGAACAACAAACACAGTCCA-3′, 5′-
GGGGTACCAAGCTTATCGGTTGAGCGCGATATTA-3′, 5′-
GGGGTACCAAGCTTTATTGGTTTTCGTAACCGCC-3′, or 5′-
GGGGTACCAAGCTTTGGTAAAAATTTCGGCTGGA-3′ as the forward primer,
respectively. pIMD2-PGL1 and pIMD2-PGL2 were created by amplifying from pIMD2-
S288C using 5′-CGGGATCCTTCCGTATTCTATTCTATTCCTTGC-3′ and 5′-
CTGATCAGGATCCGCCATTGCTTTTGCTACTT-3′. The product was cut with BamHI
and ligated into pGAL-Luc digested with BamHI. The former plasmid contains the insert in
the forward orientation and the latter in the inverse orientation. Similarly, pIMD2-PGL5 and
pIMD2-PGL4 were made by amplifying from pIMD2-S288C with 5′-
CGGGATCCTTCCGTATTCTATTCTATTCCTTGC-3′ and 5′-
CTGATCAGGATCCAACAAAATGCGTTTATGACAGTT-3′ and inserting the product in
the. forward and reverse orientation, respectively. pIMD2-PGL3 was created by amplifying
from pIMD2-S288C with 5′-
GGGGTACCAAGCTTTTCCGTATTCTATTCTATTCCTTGC-3′ and 5′-
CTGATCAGGATCCGCCATTGCTTTTGCTACTT-3′. The product was blunted with
Klenow DNA polymerase, cut with KpnI, and ligated into pGAL-Luc, which was itself cut
with HindIII, blunted with Klenow DNA polymerase, and cut with KpnI.

The yeast strains used in these studies are listed in Table I. DNA transformation was
performed as described previously (27). Transformation of ABG-G11 (D. Kaback;
University of Medicine and Dentistry of New Jersey) with pIMD2-S288C or pIMD2-C335A
generated strains DY835 and DY836, respectively. Strains DY787, DY788, DY789 and
DY790 were derived by transformation of Z96, Z106, DY100 (17), and DY102 (17) with
pRS426 (28), respectively. Strains DY2065, DY2066, DY2067, and DY2068 were
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generated by transformation of Z96, DY100, Z106, and DY102 with pIMD2-S288C,
respectively. Transformation of BY4741 and BY4437 (Research Genetics), and FY120 and
FY1638 (15) with pRS426 yielded strains DY818, DY809, DY812, and DY815,
respectively. Strains DY823, DY826, DY828, and DY829 were derived from BY4741,
BY4436, FY120, and FY1638 by transformation with pIMD2-S288C, respectively. DY750
was generated by transformation of BY6035 (Research Genetics) with pRS316 (29).

Growth Assays
For solid medium growth assays, cells picked from a single colony were grown to saturation
in 5 ml of synthetic complete medium lacking uracil (SCura−; Ref. 30). The cells were
diluted to an initial A600 of 0.01 followed by five consecutive 1:10 dilutions in a 96-well
plate. Ten μl of each dilution were spotted onto SCura− plates containing no drug or
mycophenolic acid at the indicated concentrations. The plates were incubated at 30 °C for 3–
4 days. To measure GAL1 induction, 5-ml cultures were started from single colonies and
grown to saturation at 30 °C in SCura− with raffinose (2% w/v). The cells were diluted to an
A600 of 0.1 into fresh medium and grown to an A600 of 0.4 – 0.6. Mycophenolic acid (15
μg/ml) was added to the cultures where indicated. The cultures were grown for 30 min with
or without drug at 30 °C, followed by the addition of galactose (2% w/v) to the medium. To
test IMD2 mRNA decay, 5-ml cultures of Z460 were started from single colonies in SCura−

and grown to saturation at 25 °C. The cells were diluted, grown to an A600 of 0.4 – 0.6, and
induced with 6-azauracil (75 μg/ml) for 2 h at 25 °C. The cells were shifted to 37 °C for 5
min, and guanine (1 mM) was added to the medium where indicated.

Northern Analysis
Total RNA was isolated from thawed cell pellets by the hot phenol extraction method and
quantitated by measuring absorbance at 260 nm (31). Total RNA (15 μg) was resolved on a
1% (w/v) agarose, 7% formaldehyde gel and blotted onto Zeta-probe GT nylon membrane
(Bio-Rad). Filters were baked at 80 °C for 2 h and then prehybridized for a minimum of 3 h
at 42 °C in 5× SSC (1× SSC = 0.15 M NaCl, 0.015 sodium citrate), 5× Denhardt’s solution
(31), 50% (v/v) formamide, 1% (w/v) SDS, and 100 μg/ml salmon sperm DNA. Filters were
hybridized under the same conditions with ~108 cpm of 32P-labeled DNA probe for 15–18
h. The filters were washed twice at 22 °C in 2× SSC/0.1% SDS, for 5 min each and twice in
0.2% SSC, 0.1% SDS for 5 min each, followed by two 0.2%SSC, 0.1% SDS washes at 42
°C for 20 min each. The washed filters were exposed to X-Omat film and quantitated with a
Fuji BAS1000 imaging system. The IMD2 probe was prepared using PCR with a wild-type
yeast genomic DNA template (S288C; Research Genetics) and the oligonucleotides 5′-
GTGGTATGTTGGCCGGTACTACCG-3′ and 5′-
TCAGTTATGTAAACGCTTTTCGTA-3′. The GAL1 probe was a BamHI-HindIII
fragment of GAL1 digested from pUC119-GAL1. ACT1 probes were made by PCR using
S288C genomic DNA as template and primers 5′-GAACTTCCAGATGGTCAAGTC-3′
and 5′-TGGAAGATGGAGCCAAAGCG-3′. The luciferase probe was a PCR product
generated from pGAL-Luc using 5′-TTCCATCTTCCAGGGATACG-3′ and 5′-
TCGCGGTTGTTACTTGCATG-3′. Probes were labeled to a specific activity of ~107–108

cpm/μg with Klenow DNA polymerase (Promega, Madison, WI), random hexamer primers
(Life Technologies, Inc.), and [α-32P]dATP (Amersham Pharmacia Biotech).

Primer Extension Analysis
Approximately 1.5 pmol of 5′-32P-labeled oligonucleotide (≈106 cpm/pmol; 5′-
TTGGTAAAGTCTAGTGCGGTCTT-3′ for Fig. 7 and 5′-
GCCTTATGCAGTTGCTCTCC-3′ for Fig. 9) were annealed to 10 μg of total RNA for 1 h
at 50 °C in 2 mM Tris, pH 8, 0.2 mM EDTA, and 250 mM KCl. The primer was extended
with 100 units of Superscript II™ RNase H− reverse transcriptase (Life Technologies, Inc.)
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at 47 °C for 1 h in 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl, 1 mM dithiothreitol,
and 50 μM of each dNTP. The samples were ethanol-precipitated, resuspended in 20 μl of
90 mM Tris borate, pH 8, 2.5 mM EDTA, 80% (v/v) formamide, heated to 95 °C, and
resolved on an 8% polyacrylamide gel.

RESULTS
The IMD Family of Genes and Drug Sensitivity

Individual deletions of each of the four Saccharomyces cerevisiae IMD genes reveals that
none are essential for viability (32, 33). Recently, it has been shown that treatment of yeast
with IMP dehydrogenase inhibitors including 6-azauracil and mycophenolic acid results in
the induction of IMD2 (10, 11). An earlier report indicated that overexpression of an IMP
dehydrogenase gene resulted in mycophenolic acid resistance in Candida albicans (34). This
led to the expectation that the deletion of IMD2 or one or more other IMD genes in S.
cerevisiae would result in the sensitivity of yeast growth to IMP dehydrogenase antagonists.
Indeed, yeast lacking IMD2, but not strains lacking IMD1, IMD3, or IMD4, were unable to
grow in the presence of mycophenolic acid (Fig. 1A). Transforming the IMD2-deleted strain
with a copy of the gene restored growth in the presence of the drug (Fig. 1B). Catalysis by
IMP dehydrogenase involves the formation of a covalent adduct between the substrate and
an active site cysteine (35) that is completely conserved among over 30 IMP dehydrogenase
enzymes across phyla and is represented by cysteine 335 in S. cerevisiae IMD2. Removal of
this thiol by mutagenesis inactivates the activity of the Tritrichomonas foetus enzyme (36).
We created a cysteine to alanine substitution at position 335 of IMD2 to test the prediction
that the enzymatic activity of Imd2p was important for conferring mycophenolic acid
resistance upon yeast. Indeed, IMD2 with the C335A substitution was unable to complement
the drug-sensitive phenotype of an IMD2 deletion strain (Fig. 1B).

Expression of IMD2 in Elongation Mutants of Yeast
Mutations in elements of the transcription elongation machinery result in drug sensitivity
and a failure to induce IMD2 (10). To test whether this was the cause of drug sensitivity, we
examined whether introducing into cells a plasmid containing the intact IMD2 gene driven
by its native regulatory sequences could suppress the drug-sensitive phenotype. A 2μ
plasmid containing 500 bp upstream and 150 bp downstream of the IMD2 open reading
frame was transformed into each of four previously characterized strains bearing mutations
in the elongation machinery. The cognate isogenic wild-type strains were similarly
transformed. The four mutations included: a disruption of DST1 (SII), a deletion of RPB9
(the gene encoding the ninth subunit of RNA polymerase II), a point mutation in the second
largest subunit of RNA polymerase II called rpb2-10, and, a point mutation in the largest
subunit of RNA polymerase II, called rpb1-221. Strains harboring each of these mutations
are sensitive to both 6AU and mycophenolic acid (Refs. 14, 15, 18, 20, and 22 and see
below). There is biochemical evidence implicating each in the process of elongation by
RNA polymerase II. Elongation by yeast RNA polymerase II in vitro is stimulated by the
yeast SII protein (37). Δrpb9 results in an RNA polymerase II enzyme that has altered arrest
properties and altered responsiveness to SII (22, 38). The rpb2-10 mutation leads to an
arrest-prone RNA polymerase II enzyme with a slowed average elongation rate (18). The
rpb1-221 mutation shows a genetic interaction with spt5, whose gene product has both a
positive and negative effect upon elongation in vitro (15, 39). All four of these mutant
strains are defective in the induction of IMD2 in response to drug challenge (Ref. 10 and see
below). In each case, the growth sensitivity of the mutants in the presence of mycophenolic
acid was suppressed when the cells harbored a 2μ plasmid containing the IMD2 gene (Fig.
2). Growth of the cognate wild-type strain was also modestly improved on drug-containing
medium.
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Yeast strains with the dst1, Δrpb9, rpb2-10, or rpb1-221 mutations have a reduced ability to
induce transcription of GAL1 (Ref. 40 and see below). We asked whether providing IMD2
on a 2μ plasmid could suppress this transcriptional defect. The strains disrupted for DST1
(the SII encoding gene) or containing the rpb2-10 (“slow” polymerase) mutation were
relatively mildly affected for GAL1 induction in either the presence or the absence of drug
(Fig. 3A, pRS426; charted in Fig. 3B). In these strains, high copy IMD2 improved the
efficacy of GAL1 induction in both the presence and the absence of drug (Fig. 3, compare
pRS426 with pIMD2 in the NO DRUG or MYCOPHENOLIC ACID panels). For the more
severely affected strains, including the rpb1-221 mutation (Fig. 4), Δrpb9 (Fig. 5), and the
dst1, rpb2-10 double mutant (Fig. 3), providing IMD2 in high copy was only slightly
effective or unable to rescue the GAL1 response in either the presence or the absence of
drug. Curiously, we detected a reproducible stimulation of GAL1 induction for wild-type
strains when they received IMD2 on this high copy plasmid (Figs. 3–5).

Because these mutants have transcription defects, it was important to gauge the extent to
which IMD2 expression itself had increased as a function of the 2μ-IMD2 plasmid. In Fig.
6, we probed the identical RNA samples employed in Figs. 3–5 for IMD2 mRNA (Fig. 6).
Quantitation of the blots revealed that although the mutants generally produced less IMD2
mRNA than wild-type cells, the presence of the 2μ-IMD2 plasmid still resulted in IMD2
mRNA levels in the mutant strains that were at least 10-fold higher at any time point than
the natural level of IMD2 mRNA in wild-type cells in the absence of drug (Fig. 6). On these
brief autoradiographic exposures, the endogenous level of uninduced mRNA is not apparent.
(e.g. left portion of Fig. 6A). The IMD2-containing plasmid generates a doublet of IMD2
transcripts, including the native mRNA (lower band), and a larger transcript that probably
results from the use of a secondary plasmid-derived polyadenylation site downstream of
IMD2 sequences. Quantitation of these blots was confined to the lower band corresponding
to the size of the natural transcript and hence represents a minimal estimate of
overexpression. In the presence of drug, the dst1 rpb2-10 mutant with the 2μ-IMD2 plasmid
contained 6-, 3-, and 1.2-fold more IMD2 mRNA than the natural level found in wild-type
cells at the 0-, 0.5-, and 2-h time points, respectively (Fig. 6A). Similarly, the untreated
rpb1-221 mutant with the high copy plasmid generated IMD2 transcript levels that were
comparable with those found in wild-type cells with the plasmid and that were 4 –7-fold
higher than wild-type cells lacking the plasmid (Fig. 6B). Depending upon the time point
examined, the drug-treated rpb1-221 strain had at least as much, and up to 3-fold more,
IMD2 transcript than treated wild-type cells lacking the plasmid (Fig. 6B). With or without
drug exposure, the Δrpb9 strain with the 2μ-IMD2 plasmid accumulated 2–3-fold more
transcript than its cognate wild-type control strain lacking the plasmid (Fig. 6B). In
summary, although the mutant strains showed the expected reduced capacity to transcribe
IMD2 when they harbored the 2μ plasmid, they consistently possessed at least as much, and
usually more, than the natural level of transcript found in wild-type cells because of the
additional copies of the gene. Any inability of the elongation mutants to induce GAL1
cannot be due to their incapacity to generate wild-type levels of IMP dehydrogenase mRNA
from the additional copies of the gene provided by the plasmid.

Regulation of IMD2 Expression
Of the four IMP dehydrogenase genes in S. cerevisiae, only IMD2 is strongly induced when
GTP pools are compromised by drug treatment (10, 11). As an initial step toward
characterizing the regulation of this gene, we mapped the transcription start site using primer
extension analysis (Fig. 7). To ensure that IMD2 transcripts and not other family members
were being examined, we isolated RNA from wild-type cells or cells deleted for different
IMD genes and from cells grown in the presence or the absence of 6AU to examine the
inducibility of any primer extension products we detected. Indeed, a 6AU-inducible
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extension product was detected in cells containing, but not lacking, the IMD2 gene (Fig. 7).
The size of this product placed the major transcription start site (+1) at an adenine 104 bp
upstream of the start codon of the open reading frame.

Yeast DNA upstream of the IMD2 open reading frame and extending to the next open
reading frame on chromosome VIII (PHO12) drives 6AU-inducible expression of a
luciferase reporter (10). To identify promoter elements involved in the drug-inducible
transcription of IMD2, we generated reporter plasmids containing ≈700, 400, 300, or 170 bp
of DNA upstream of +1 linked to firefly luciferase (Fig. 8). Drug-inducible luciferase
activity was detected for the constructs containing 700, 400, and 300 bp of upstream
sequence but was lost when only 170 bp of upstream DNA were used (data not shown).
Northern blot analysis with a luciferase probe confirmed that −300 to +104 IMD2 DNA
could drive inducible transcription but that the −170 to +104 region could not (Fig. 9A;
plotted with squares in Fig. 9B). Thus, the cellular guanine nucleotide-sensing machinery
ultimately operates through a response element in the promoter.

Deletions into the IMD2 promoter from its 3′ side led to the unexpected finding of a
repressive element in the proximal promoter region of IMD2. Removing IMD2 sequences
from −32 to +104 (Fig. 8) resulted in a large increase in the uninduced level of luciferase
activity (data not shown) and transcript (Fig. 9A, compare zero time point for −300 to −104
with that for −300 to −32; Fig. 9B, plotted with solid symbols). Nevertheless, the construct
remained 6AU-inducible (Fig. 9, −300 to −32). Indeed, the maximal extent of induction was
significantly higher in the construct lacking the repressive sequences as long as the response
element was also present (Fig. 9, −300 to −32 versus −300 to −104). Because the repressive
region between −32 and +104 contains the transcription start site, we tested whether it was
involved in positioning the transcription start site by primer extension analysis. Removal of
this ≈140-bp region resulted in a new major start site (Fig. 9C, lower arrow) that migrated
into luciferase DNA by a distance commensurate with the deletion size, suggesting that the
TATA box or other determinants of start site selection were not within the deleted region.
There was some loss of positioning activity as a number of new weaker start sites also
became detectable (Fig. 9C, −300 to −32 lane). We conclude that TATA box function has
been spared in this deletion derivative based upon the presence of a preferred start site and
the ability of the remaining sequences to support high levels of uninduced (constitutive) and
activated transcription.

To determine whether the sequences between −31 and +104 were sufficient for the
repressive function and to test whether the element functioned autonomously, we placed it
both upstream and downstream of the inducible GAL1 promoter in a luciferase reporter
plasmid (Fig. 10). Luciferase enzyme activity (data not shown) and Northern blot analysis
(Fig. 10) showed that induction of the GAL1 promoter was strongly compromised when −31
to +104 of IMD2 was placed downstream of the GAL1 promoter (Fig. 10, E versus F). The
repressive element was inactive when situated upstream of the GAL1 promoter (Fig. 10, A
versus F). A smaller sequence representing −31 to +35 of IMD2 was as active as −31 to
+104 (Fig. 10, C versus E), from which we conclude that the repressive function is
contained within a 66-bp region centered around the transcription start site. Repression was
strictly orientation-dependent for both fragments (Fig. 10, B versus C and D versus E).

Guanine and Growth Regulation of IMD2
Extracellular guanine can be imported and used by a salvage pathway to synthesize guanine
nucleotides. Hence, the presence of guanine in the growth medium obviates IMD2 induction
in the presence of IMP dehydrogenase inhibitors (10, 11, 41). Because repression of
mammalian IMD2 transcription has been reported to operate at a post-transcriptional level,
we tested whether guanine altered the half-life of IMD2 mRNA (8). We employed a
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temperature-sensitive strain of yeast with a mutation (rpb1-1) in the largest subunit of RNA
polymerase II that, upon shift to the nonpermissive temperature, rapidly ceases transcription
(42). To facilitate the analysis, cells were induced with 6AU at the permissive temperature
to obtain high levels of IMD2 mRNA (Fig. 11, zero time points). Transcript decay in the
presence and the absence of guanine was monitored after transcription was shut off by
shifting the cells to the nonpermissive temperature (Fig. 11). The presence of guanine did
not influence the decay rate of the IMD2 transcript, showing that guanine does not down-
regulate IMD2 at the post-transcriptional level in yeast.

In a number of mammalian cell types, particularly tumor cells and T lymphocytes, IMP
dehydrogenase activity is positively correlated with cell growth rate (2, 43– 46). To test
whether this was the case for S. cerevisiae, we grew cultures of wild-type cells that either
were permitted to approach the diauxic shift (Fig. 12A, UNDILUTED) or were reseeded
into fresh medium such that they maintained an optical density (600 nm) of ≈0.5 and a
logarithmic growth rate (Fig. 12A, DILUTED). In contrast to the reseeded cells, IMD2
mRNA is lost from cells approaching diauxie with a half-life of ≈1.5 h (Fig. 12, B and D).
This is in contrast to ACT1 mRNA, which maintains a fairly constant level under both
growth conditions (Fig. 12, B and C). Hence, the IMD2 transcript level is sensitive to the
physiological state of the yeast cell.

DISCUSSION
To understand the basis of the drug sensitivity conferred by mutations in the transcription
elongation machinery, we have explored the IMD family of genes in yeast that encode the
class of enzyme targeted by these drugs. Loss of IMD2 is sufficient to manifest
mycophenolic acid sensitivity. Overexpression of IMD2 suppressed to different extents two
phenotypes of S. cerevisiae elongation mutants: sensitivity of growth to inhibitors of IMP
dehydrogenase and transcription of an inducible gene. This analysis suggests that these
mutations have additional biologically significant consequences apart from compromising
the IMD2 transcriptional response, although loss of the ability to up-regulate IMPDH is an
important part of the phenotype. Transcriptional control was attributable to two separate
sequence elements in the promoter. The guanine-mediated repression of IMD2 observed
previously (10, 11) is not due to a change in mRNA half-life. Hence, regulation is not likely
to operate at a post-transcriptional level as seen in mammalian cells (8). These data
emphasize that IMD2 is a privileged member of a four member gene family in yeast with a
major role in sensing and responding to nucleotide levels and growth rate.

Deletion of IMD2, one of the four genes encoding very similar IMP dehydrogenases,
rendered cells sensitive to mycophenolic acid, proving that loss of the expression of this
gene is sufficient to obtain drug sensitivity. Only loss of IMD2 conferred this phenotype,
indicating that it contributes to growth in the presence of drug to a larger extent than the
other three IMD genes and that it is uniquely regulated among the family members. This is
consistent with the finding that IMD2 is the most responsive to drug treatment and guanine
repression (10, 11). Presumably, loss of all four IMD genes would result in guanine
auxotrophy; however, the quadruple IMD deletant (or a triple deletant) has not yet been
described.

It has been suggested that yeast with mutations in the elongation machinery display
sensitivity to drugs that inhibit IMP dehydrogenase because of the pharmacological
reduction of GTP, a critical substrate for RNA polymerase II (9, 20). Reduced GTP levels
would be expected to reduce elongation rates, increase the potential for RNA polymerase II
arrest, and precipitate a stronger requirement for elongation factors (9, 20). With the
identification of the inductive response of IMD2, it became important to examine whether
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the drug sensitivity was due solely to the inability of the elongation mutants to respond to
drug treatment via the transcriptional up-regulation of IMD2. Alternatively, transcriptional
defects in the presence of drug could result from an indirect and general effect upon RNA
synthesis of limiting GTP levels. The data presented here argue that both are the case.

Our approach has been to bypass the inability of elongation mutants to induce IMD2 by
providing the gene on a high copy plasmid. Strains with mild drug sensitivity and reduced
transcription, as monitored by GAL1 induction, showed improved growth on mycophenolic
acid when transformed with a high copy plasmid containing IMD2, suggesting that a boost
in GTP levels might resolve transcriptional problems. On the other hand, for more severely
affected mutants, high copy expression of IMD2 incompletely suppressed drug sensitivity
and reversed GAL1 induction little, if at all. This suggests that intrinsic elongation defects
persist even when levels of IMD2 mRNA, and presumably GTP, are present at levels
sufficient for normal growth. Thus, this class of mutations would appear to result in a defect
that is independent of the IMD2 induction deficit. Presumably this involves transcription
elongation on genes other than IMD2.

While our work was ongoing, the mapping of a guanine response element (GRE) in the
IMD2 promoter was reported (11). Our findings are in good general agreement with those of
Escobar-Henriques and Daignan-Fornier (11) with one exception. These investigators found
that removal or mutation of the GRE led to a loss of induction. This resulted from an
increase in IMD2 basal transcription leading to mRNA levels comparable to that derived
from the native promoter following mycophenolic acid induction. We found that removal of
this region resulted in the loss of drug inducibility but did not elevate basal transcription.
Instead, removal of a separate sequence downstream from the GRE derepressed the basal
(uninduced or constitutive) level of transcription of IMD2. It is possible that derepression by
guanine nucleotide depletion operates through this element. Interestingly, the derepressed
promoter remained inducible in a GRE-dependent manner, indicating that an additional
mechanism can activate transcription. Thus, in our assays, the GRE played a positive role
and a second element near the transcription start site played a negative one. Differences in
the reporter assays used by Escobar-Henriques and Daignan-Fornier (11) and us may
account for this disparity. The function of the repressive sequence was portable to a
heterologus inducible promoter and showed strict orientation dependence. Although the
repressive sequence contains a good match to a consensus TATA box (TATAA), the
TATAA sequence is immediately adjacent to the transcription start site, a spacing that
makes it an unlikely candidate for TBP binding and traditional TATA box function. The
region does not function as a TATA box because its removal leads to elevated basal activity.
Furthermore, inducible promoter function remained intact in its absence. Also, substantial
start site positioning activity can be attributed to the remaining promoter sequences after
deletion of the repressive element. It is unclear how either promoter element functions or
what proteins might be their cognate ligands. Bas1p and Bas2p, transcription factors that
regulate adenine metabolism, are not involved in IMD2 induction, nor are the transcription
factors Swi5p, Hap3p, or Gcn4p, for which consensus binding sites are present in the
promoter (11).2 The −31 to +35 region is highly conserved between IMD1 and IMD2 with
only four nucleotide differences. IMD1 is thought to be poorly expressed because of its
proximity to the telomere of chromosome I (32). The repressive element is less well
conserved between IMD2 and IMD3 (63% identity) and is essentially unrecognizable in the
IMD4 promoter.

The extent to which the IMD1-IMD4 gene products contribute to cellular IMPDH activity is
unknown. IMD2 is the dominant IMD mRNA species under induced and uninduced

2R. Shaw, unpublished results.
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conditions based upon experiments in IMD deletion strains (10, 32). This suggests that it is
the major contributor to enzyme abundance and activity in vivo. However, determinations of
enzyme levels or a direct measurement of IMPDH activity has not been made in such
strains.

Our analysis of GAL1 induction led to the unexpected observation that wild-type cells
showed an increased ability to induce GAL1 when they harbored additional copies of IMD2.
This suggests that IMP dehydrogenase activity and GTP levels might be rate-limiting for
RNA synthesis under normal vegetative growth conditions and is interesting in light of the
correlation between IMP dehydrogenase activity and mammalian cell proliferation including
tumor cell growth. Unlike logarithmically growing cells, cultures allowed to approach
saturation showed a precipitous loss of the IMD2 mRNA. Thus, IMD2 transcription appears
to be sensitive to the growth state of yeast. The mechanism by which this occurs is unclear
but is observed in a culture long before the general decline in transcription and mRNA levels
seen in post-diauxic and stationary phase yeast cultures (47). We considered the possibility
that IMD2 overexpression could accelerate the rate of cell growth. However, the presence of
high copy plasmid-borne IMD2 was not sufficient to increase the growth rate of wild-type
yeast.3 Further analysis will be required to determine the mechanism by which cellular
growth state is related to IMD2 transcription.
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Fig. 1. Growth of yeast deleted for IMD genes in the presence of mycophenolic acid
A, yeast strains DY741 (WT), DY732 (ΔIMD1), DY731 (ΔIMD2), DY750 (ΔIMD3),
DY743 (ΔIMD4), and ABG-G10 (ΔIMD1 ΔIMD2) were streaked onto SCura− medium
lacking or containing 7.5 μg/ml mycophenolic acid and incubated at 30 °C for 3 days. B,
yeast strains DY731 (−), DY835 (+pIMD2), and DY836 (+pC335A) were grown to
saturation and diluted to an A600 of 0.01. Ten μl of this and serial 10-fold dilutions thereof
were plated onto SCura− medium lacking or containing 30 μg/ml mycophenolic acid and
grown at 30 °C for 4 days.
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Fig. 2. Growth of elongation mutants containing or lacking IMD2 on a 2μ plasmid in the absence
and the presence of mycophenolic acid
Yeast strains containing vector (pRS426) or pIMD2-S288C were grown to saturation and
diluted to an A600 of 0.01. Ten μl of this and 10-fold serial dilutions thereof were spotted
onto SCura− medium lacking or containing 15 μg/ml (rpb9 and rpb1-221 plates) or 30 μg/
ml mycophenolic acid.
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Fig. 3. Induction of GAL1 by elongation mutants (rpb2-10, dst1, and rpb2-10 dst1) and control
strains containing or lacking an IMD2–2μ plasmid
A, yeast strains with vector (pRS426) or pIMD2-S288C were treated with mycophenolic
acid (15 μg/ml) or mock treated and challenged with galactose for 0, 0.5, or 2 h. RNA was
isolated and analyzed by Northern blotting using a probe for GAL1 mRNA. B, the Northern
blots in A were quantified using a PhosphorImager and charted. wt, wild type.

Shaw et al. Page 15

J Biol Chem. Author manuscript; available in PMC 2012 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Induction of GAL1 in rpb1-221 and control strains containing or lacking an IMD2–2μ
plasmid
A, yeast strains containing vector (pRS426) or pIMD2-S288C were treated with
mycophenolic acid (15 μg/ml) or mock treated and challenged with galactose for the
indicated times. RNA was isolated and analyzed by Northern blotting using a probe for
GAL1 mRNA. B, the Northern blots in A were quantified using a PhosphorImager and
charted.
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Fig. 5. Induction of GAL1 in Δrpb9 and control strains containing or lacking an IMD2–2μ
plasmid
A, yeast strains containing vector (pRS426) or pIMD2-S288C were treated with
mycophenolic acid (15 μg/ml) or mock treated and challenged with galactose for the
indicated times. RNA was isolated and analyzed by Northern blotting using a probe for
GAL1 mRNA. B, the Northern blots in A were quantified using a PhosphorImager and
charted.
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Fig. 6. IMD2 mRNA levels in mutant and control strains containing or lacking an IMD2–2μ
plasmid and grown in the presence or the absence of mycophenolic acid
A, 15 μg of RNA obtained from the cells analyzed in Fig. 3 were analyzed in independent
Northern blots using a probe complementary to IMD2. B, same as in A but with RNA from
cells analyzed in Figs. 4 and 5. wt, wild type.
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Fig. 7. Primer extension mapping of the transcription start site of chromosomal IMD2
DY103 was treated with 6-azauracil (75 μg/ml) for the indicated times, and RNA was
isolated for primer extension analysis (left panel). The position of labeled 200- and 100-base
DNA reference markers are indicated. Total RNA was isolated from the IMD deletion
strains ABG-G10, DY731, DY732, and DY743, and two amounts of RNA (10 or 25 μg)
were added to a primer extension assay as indicated by the triangles above the lanes. The
lane marked tRNA is a negative control in which total yeast RNA was omitted.
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Fig. 8. Schematic depiction of the IMD2 promoter
The open boxes depict IMD2 sequences annotated using the transcription start site as +1
(bent arrow). The shaded boxes indicate the luciferase open reading frames. The large and
small cross-hatched boxes illustrate the positions of the drug-responsive and the repressive
elements described in the text, respectively. The strain names and the plasmids they contains
are to the left of the diagram, and the IMD2 sequences they contain are indicated in
parentheses.
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Fig. 9. Demonstration of two functional promoter elements in IMD2
A, strains DY704, DY713, DY714, and DY715 containing the indicated reporter constructs
were treated with 75 μg/ml 6-azauracil for 0, 1, 2, or 3 h. RNA was analyzed by Northern
blotting with a probe complementary to luciferase sequences. B, the Northern blot signals in
A were quantified using a PhosphorImager and plotted. C, the 3-h time point RNAs
analyzed by Northern blotting in A were used for primer extension analysis. The sample
marked − was from a strain with the plasmid pMT-Luc that lacks any IMD2 sequence
upstream of luciferase. The top arrow indicates the extension product representing the
normal +1 site. The bottom arrow indicates the major extension product seen when the
repressive element is removed. As a negative control, tRNA was used in lieu of yeast total
RNA.
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Fig. 10. The repressive element from IMD2 functions in a heterologus context
The indicated IMD2 sequences, indexed relative to +1, were inserted into the indicated
GAL1-luciferase reporter plasmid and introduced into yeast strains DY902 (A), DY904 (B),
DY905 (C), DY901 (D), DY900 (E), and DY2010 (F). The cells were grown in raffinose
medium and challenged with galactose (2% w/v) for the indicated times. RNA was
harvested and analyzed by Northern blotting with a probe that detected luciferase sequences.
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Fig. 11. IMD2 mRNA decay in the presence and absence of guanine
The yeast strain Z460 containing the rpb1-1 mutation was grown at 25 °C to an A600 of 0.5
in SCura−, challenged with 75 μg/ml 6-azauracil for 2 h, and shifted to 37 °C for the
indicated times. RNA was harvested and analyzed by Northern blotting using a probe
complementary to IMD2. The signals were quantified using a PhosphorImager and plotted.
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Fig. 12. IMD2 mRNA abundance is regulated as a function of growth
A, strain DY103 was grown to saturation in SCura−, diluted to an A600 of ≈0.5, and split
into two equal cultures that were incubated at 30 °C. One was diluted every hour into fresh
medium (diluted). The other was allowed to grow to diauxie (undiluted). A600 was measured
and plotted. B, RNA was prepared from aliquots of cells removed at the indicated times and
analyzed by Northern blotting with probes against IMD2 and ACT1. The ACT1 and IMD2
signals were quantified using a PhosphorImager and plotted in C and D, respectively.
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Table I

Yeast strains used in this study

Strain Genotype

ABGG10a MATα ade1:Δ2 LEU2Δ4 HIS3 his5 leu2−

ABGG11a MATα Δ4HIS3 trp1−ura3–1 his3–11,15 leu2–3,112

ABGG12a MATα Δ3LEU2 ade1−ura3–1 his3–11,15 leu2–3,112

BY4741b MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0

BY4741–515b MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Δimd4::kanMX4

DY103c MATα ura3–52 leu2–3, 112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2 CEN)][pRS316 (URA3)]

DY700 MATα ura3–52 leu2–3, 112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2 CEN)][pPur5P800luc (URA3)]

DY704 MATα ura3–52 leu2–3, 112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PL4 (URA3)]

DY713 MATα ura3–52 leu2–3, 112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PL3 (URA3)]

DY714 MATα ura3–52 leu2–3 112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PL7 (URA3)]

DY715 MATα ura3–52 leu2–3, 112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PL8 (URA3)]

DY731 MATα Δ4HIS3 trp1−ura3–1 his3–11,15 leu2–3,112 [pRS316 (URA3)]

DY732 MATα Δ3LEU2 ade1−ura3–1 his3–11,15 leu2–3,112 [pRS316 (URA3)]

DY741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 [pRS316 (URA3)]

DY743 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0Δimd4::kanMX4 [pRS316 (URA3)]

DY750 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0Δimd3::kanMX4 [pRS316]

DY787 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 [pRP214 (RPB2 LEU2 CEN)][pRS426 (URA3 2μ)]

DY788 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 [pRP2–10L (rpb2–10 LEU2 CEN)][pRS426 (URA3 2μ)]

DY789 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 dst1::hisG [pRP214 (RPB2 LEU2 CEN)][pRS426 (URA3 2μ)]

DY790 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 dst1::hisG [pRP2–10L (rpb2–10 LEU2 CEN)][pRS426 (URA3 2μ)]

DY809 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Δrpb9::kanMX4 [pRS426 (URA3 2μ)]

DY812 MATa his4–912δ, lys2–128δ, leu2Δ1, ura3–52 [pRS426 (URA3 2μ)]

DY815 MATa his4–912δ, lys2–128δ, leu2Δ1, ura3–52, rpb1–221 [pRS426 (URA3 2μ)]

DY818 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 [pRS426 (URA3 2μ)]

DY823 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 [pIMD2-S288C (IMD2 URA3 2μ)]

DY826 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Δrpb9::kanMX4 [pIMD2-S288C (IMD2 URA3 2μ)]

DY828 MATa his4–912δ, lys2–128δ, leu2Δ1, ura3–52 [pIMD2-S288C (IMD2 URA3 2μ)]

DY829 MATa his4–912δ, lys2–128δ, leu2Δ1, ura3–52, rpb1–221 [pIMD2-S288C (IMD2 URA3 2μ)]

DY835 MATα Δ4HIS3 trp1-ura3–1 his3–11,15 leu2–3,112 [pIMD2-S288C (IMD2 URA3 2μ)]

DY836 MATα Δ4HIS3 trp1-ura3–1 his3–11,15 leu2–3,112 [pIMD2-C335A (URA3 2μ)]

DY900 MATα ura3–52 leu2–3,112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PGL1 (URA3)]

DY901 MATα ura3–52 leu2–3,112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PGL2 (URA3)]

DY902 MATα ura3–52 leu2–3,112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PGL3 (URA3)]

DY904 MATα ura3–52 leu2–3,112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PGL5 (URA3)]

DY905 MATα ura3–52 leu2–3,112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2)][pIMD2-PGL4 (URA3)]

DY2010 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 [pRP214 (RPB2 LEU2 CEN)][pGAL-LUC (CEN URA3 GAL1
promoter luciferase)]

DY2020 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 [pRP214 (RPB2 LEU2 CEN)][pMT-Luc (CEN URA3 luciferase)]

DY2065 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 [pRP214 (RPB2 LEU2 CEN)][pIMD2-S288C (IMD2 URA3 2μ)]
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Strain Genotype

DY2066 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 dst1::hisG [pRP214 (RPB2 LEU2 CEN)][pIMD2-S288C (IMD2
URA3 2μ)]

DY2067 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 [pRP2–10L (rpb2–10 LEU2 CEN)][pIMD2-S288C (IMD2 URA3
2μ)]

DY2068 MATα ura3–52 leu2–3,112 his3Δ200 rpb2Δ297::HIS3 dst1::hisG [pRP2–10L (rpb2–10 LEU2 CEN)][pIMD2-S288C (IMD2
URA3 2μ)]

Z460d MATa ura3–52 leu2–3,112 his3Δ200 his4–912 lys2–128 rpb1D187::HIS3 [pRP1–1U (CEN URA3 rpb1–1)]

Z96d MATα ura3–52 leu2–3,112his3Δ200 rpbΔ297::HIS3 [pRP214 (LEU2 RPB2 CEN)]

a
Ref. 32.

b
Research Genetics (Huntsville, AL).

c
Ref. 17.

d
R. Young (Massachusetts Institute of Technology).
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